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form with detailed instructions. The Danish Civil Registration System contains information on all Danish residents from 1968 onward and includes daily updated information on vital status. 22 The Danish National Registry of Patients holds records of all patients admitted to Danish somatic hospitals since 1977 and contains data from all hospitalizations, including discharge diagnoses coded according to the International Classification of Diseases. 23 
Study Population
All patients (≥18 years) hospitalized with acute stroke (intracerebral hemorrhage, cerebral infarction, or unspecified stroke) according to the World Health Organization criteria 25 are eligible for inclusion in the DNIP-Stroke database. We identified 64 470 Danish citizens with stroke who had a first-time registration in the DNIP-Stroke database and were discharged from a stroke unit in Denmark (61 stroke units located at 40 different acute care hospitals) in the period January 13, 2003 , to December 31, 2009 . We excluded patients who were lost to follow-up (n=475 [0.7%]), leaving a total of 63 995 patients available for analyses of whom 5031 patients died during the first hospitalization. A stroke unit was defined as outlined in Table 1 . The stroke units were established in both neurological and non-neurological (eg, geriatric and internal medicine) settings and in university-and nonuniversity-affiliated hospitals. Only 2 stroke units were located in stroke centers. Nearly all stroke units admitted patients in the acute phase of stroke. The overall median LOS at the 61 stroke units was 7 days; 42 of the units had a median LOS of >7 days (which may indicate that they covered both acute care and rehabilitation and therefore could be characterized as comprehensive), and 19 of the stroke units had a median LOS of ≤7 days (may be characterized as primarily acute). The comprehensive stroke units in general had the lowest case volume, whereas the acute stroke units generally treated more patients per year. There were no specified requirements of written care protocols in the stroke units.
Annual Case Volume in Stroke Units
Annual case volume was defined as the average number of patients with stroke treated in a stroke unit per year from 2003 to 2009.
Processes of Early Stroke Care
In DNIP, the processes of care were identified by a national expert panel taking into account the strength of evidence, the multidisciplinary efforts in modern stroke care, and the feasibility of collecting the data in routine clinical settings. 24, 26 A time limit was defined for each process to capture the timeliness of the interventions (Table 1) . Patients were classified as eligible or ineligible for the individual processes of care depending on whether the stroke team identified contraindications. We calculated a total percentage score of received processes of care within the time limit to reflect the overall quality of early stroke care by dividing the total number of received processes of care within the time limit for each patient with the total number of processes of care that the patient was eligible for. Only patients who were considered eligible for the specific processes of care were included in the analyses.
Outcomes
Follow-up on mortality started on the day of hospital admission and ended after either 30 days or 1 year. LOS was defined as the timespan from hospital admission, or stroke occurrence if already hospitalized, until death or discharge. One-year bed-day use included every hospitalization with an overnight stay (all-causes) during the first year after stroke.
Covariates
Data were collected on age, sex, marital status, type of housing, alcohol intake, smoking habits, atrial fibrillation, hypertension, Charlson comorbidity score, 27 Scandinavian Stroke Scale score 28 
Statistical Analyses
The relationship between volume and outcomes was examined using spline curves (natural cubic spline of volume with 5 knots). We created volume quartiles of approximate equal numbers of patients (0-231, 232-330, 331-498, and 499-915 patients/year) and performed the analyses with logistic regression (the individual processes of care and mortality) and linear regression (total percentage score for quality of care, LOS, and 1-year bed-day use). We used a natural log transformation to correct for the right skewness in LOS and 1-year bed-day use, and the results are reported as ratios between geometric means. The associations between volume and mortality, LOS, and 1-year bed-day use, respectively, were adjusted for the aforementioned patient characteristics (Model 1), plus hospital characteristics (Model 2), plus the total percentage score for quality of care (Model 3). Age and Scandinavian Stroke Scale were included as natural cubic splines.
A total of 24 340 patients had missing data on one or more of the covariates ( online-only Data Supplemental Table I ). We used multiple imputation to impute the missing values assuming that data were missing at random (Stata command: ice). 29 We created 5 data sets based on the aforementioned covariates, a stroke unit identifier, the total percentage score for quality of care, 1-year mortality, and 1-year bed-day use. All 95% CIs were corrected for clustering of patients within stroke units using robust estimates of the variance derived from the Huber/white/sandwich estimator of variance.
To evaluate the robustness of our findings, we also performed the analyses restricted to patients without missing data (complete case analysis). Furthermore, the analyses on LOS and 1-year bed-day use were repeated after excluding patients who died during hospitalization or during the first year after stroke, respectively. Finally, the analyses were stratified according to age, type of stroke, stroke severity, and comorbidity. Data were analyzed with Stata 10.1 (StataCorp LP, College Station, TX). The study was approved by The Danish Data Protection Agency (J# 2007-41-1297).
Results
Descriptive data on the 63 995 patients are presented in the online-only Data Supplemental Table I . Patients in highvolume stroke units tended to be younger, have less atrial fibrillation and hypertension, and less severe neurological symptoms on admission compared with patients in lowvolume stroke units. Furthermore, stroke units with high case (Table 2 ).
Higher case volume was consistently associated with shorter initial LOS (adjusted ratio, 0.49; 95% CI, 0.41-0.59) and with reduced bed-day use in the first year after stroke when focusing on all-cause hospitalizations (adjusted ratio, 0.79; 95% CI, 0.70-0.87; Table 3 ). There was no statistically significant association between volume and 30-day or 1-year mortality.
Complete case analyses provided results very similar to the analyses including the entire study population, except for higher odds of death among patients in high-volume stroke units compared with patients in low-volume stroke units (30-day and 1-year mortality: adjusted ratio, 1.26; 95% CI, 1.03-1. 55 and 1.13; 95% CI, 0.97-1.32). The results for bed-day use were also robust when excluding patients who died during the initial hospitalization (LOS) or during the first year after stroke (1-year bed-day use; data not shown). We found no evidence of interaction when stratifying the analyses according to age, type of stroke, stroke severity, and severity of comorbidity (data on comorbidity; online-only Data Supplement Tables II and III) .
Discussion
Our results showed that higher annual case volume in stroke units was associated with higher quality of early stroke care and reduced hospital bed-day use. These results may imply that high-volume stroke units provide better quality of early care at lower costs, because inpatient care accounts for a substantial part of the healthcare costs after stroke. 30, 31 Considering the nonrandomized design, we cannot exclude the possibility that our results may be influenced by residual confounding due to the use of crude variables (eg, using a summary score for comorbidity) or unaccounted confounding (eg, prestroke disability) although we adjusted for important prognostic factors such as age and initial stroke severity. 13, 32, 33 Figure. Volume, quality of care, and outcome (spline curves). 
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Patients are in general admitted to the nearest stroke unit and therefore not triaged depending on severity or other characteristics. However, patients who are potential candidates for thrombolysis are triaged to the nearest stroke unit offering intravenous thrombolysis. Approximately one of 5 units offered thrombolysis by the end of the study period. We accounted for the possible confounding effect of patient triage by adjusting for use of intravenous thrombolysis in the multivariable analyses. Major efforts have been done within the DNIP to ensure the validity of the data, including uniform registration of contraindications for the individual processes of care, and there is in general little indication of any systematic differences in the recording of the data across the units. However, audit processes have identified some variation between departments (irrespective of patient volume) in the registration of contraindications for treatment with oral anticoagulant therapy, in particular in the early part of the study period. It is possible that this nondifferential misclassification may have contributed to the null-finding in relation to treatment with anticoagulant therapy. Furthermore, an association between higher volume and shorter initial LOS may originate from a reverse relationship because early discharge results in free capacity for more patients. Nevertheless, we also observed a clear association between higher volume and reduced hospital bed-day use when focusing on all-cause hospitalizations in the first year after stroke, which may substantiate a true link between higher volume and shorter length of the initial hospital stay and/or lower risk of readmissions. Missing from most research is an exploration of the mechanisms through which volume influences outcome. 3 According to our knowledge, only 3 existing studies have compared quality of stroke care between high-and low-volume institutions. One study (not restricted to stroke units) showed that higher hospital bed size was associated with better quality of stroke care, 21 whereas other studies found no direct link between volume and quality of care. 17, 18 In our study, adjusting for the percentage of received processes of care had no major influence on the results. This suggest that other factors, including other processes of care, may also contribute to the reduced LOS and 1-year bed-day use in high-volume stroke units. There may be several underlying mechanisms that can explain the observed associations, including a learning effect and more efficient working procedures in high-volume institutions. 5, 6 Interestingly, we did not find a link between higher volume and lower mortality. Unlike most previous studies, [7] [8] [9] [10] [11] [12] 14, [16] [17] [18] 21 we adjusted for initial stroke severity, which may explain the divergence in results. Alternatively, mortality may be insensitive to detecting underlying changes in patient prognosis, and studies focusing on other clinical outcomes, for example, disability and medical complications, are warranted.
A Taiwanese study showed that higher physician case volume was associated with reduced hospital costs among patients with stroke after adjusting for patient, physician, and hospital characteristics.
14 The study described LOS as a key mediator in this association and further suggested that the favorable volume-cost relationship could be ascribed to more cost-effective and technically effective medical treatment skills and more efficient coordination of the various treatment elements and discharge planning in relation to high case volume. 5, 14 Furthermore, the reduced LOS in high-volume stroke units may possibly be a result of a lower risk of medical complications due to an improved quality of care. 34, 35 The Figure cautiously suggested that the scale advantages were most evident in stroke units treating up to 300 to 400 patients annually. Stroke units of this size may offer a good balance between being large enough to have efficient systems of care but small enough to maintain multidisciplinary coordination. 36 This finding is compatible with economic studies, which suggest that the scale effect diminishes or is even reverse (diseconomies of scale) in large-scale institutions. [4] [5] [6] 36 However, Danish stroke care (including the Danish definition of a "stroke unit") may differ from other nations and settings, 1 and it is necessary to evaluate whether any distinguishing factors could somehow modify the observed associations before generalizing the findings to other care settings.
In conclusion, we showed that higher stroke unit volume was associated with improved quality of early stroke care and reduced hospital bed-day use. We observed no association between volume and 30-day or 1-year mortality. 
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